Wind angles affect building's natural ventilation and also energy consumption of the building. In winter, the wind direction in the outdoor environment will affect heat loss of the building, while in summer the change of wind direction and speed in the outdoor environment will affect the building's ventilation and indoor air circulation. So, making a good deal with the issue of the angle between local buildings and the dominant wind direction can effectively solve the winter and summer ventilation problems. Thereby, it can enhance the comfort of residential person, improve indoor air quality, solve heat gain and heat loss problems in winter and summer in the severely cold and cold regions, and reduce building energy consumption. The simulation software CFD and energy simulation software are used in the paper. South direction of the building is the prototype of the simulation. The angle between the direction of the building and the outdoor environment wind is changed sequentially. Energy consumption under different wind angle conditions is compared with each other. Combined with natural ventilation under various wind angles, the paper gives the best recommended solution of building direction in Shenyang.
Introduction
In recent years, with the rapid economic development and the accelerated process of urbanization, the construction area of urban housing is increasing. It is expected that, at the end of 2020, China's urban housing construction area will reach 26.1 billion m 2 [1] . While there is a vigorous development in residential construction, total building energy consumption is also increasing year by year. In 1970s, 10% of the total energy consumption is the building energy consumption while, in 2013, 27% to 30% of total energy consumption is the building energy consumption [2] . The contradiction between the shortage of energy supply and the increasing energy consumption becomes to be a huge obstacle which constrains the sustainable economic development. So, developing the use of energy-efficient buildings and improving the comfort of the living environment are the principal thing to be solved.
By using air energy of the nature, natural ventilation generally cools the building, reduces the indoor temperature, adds fresh and clean natural air to the indoor area, and takes away the damp polluted air. Indoor air flow enhances convection and evaporation cooling of the body, which is conducive to physical and mental health of the human body [3] . Natural ventilation not only is an important passive building energy-saving technology, but also represents a healthy, natural lifestyle.
While wind angles affect buildings' natural ventilation, they also affect energy consumption of the building. In winter, the wind direction in the outdoor environment will affect heat loss of the building, while in summer the change of wind direction and speed in the outdoor environment will affect the building's ventilation and indoor air circulation [4] . So, making a good deal with the issue of the angle between local buildings and the dominant wind direction can effectively solve the winter and summer ventilation problems. Thereby, it can enhance the comfort of residential person, improve indoor air quality, solve heat gain and heat loss problems in winter and summer in the severely cold and cold regions, and reduce building energy consumption [5] . The simulation software CFD and energy simulation software are used in the paper. South direction of the building is the prototype of the simulation. The angle between the direction 2 Mathematical Problems in Engineering of the building and the outdoor environment wind is changed sequentially. Energy consumption under different wind angle conditions is compared with each other. Combined with natural ventilation under various wind angles, the paper gives the best recommended solution of building direction in Shenyang.
The Principle of Natural Ventilation
As one of the oldest and the most energy-efficient ventilation ways, the natural ventilation is the basic method for enhancing the indoor thermal comfort, one of the main methods for improving indoor air quality, and one of the main measures to reduce buildings' energy consumption [6] . Natural ventilation generally refers to indoor air flow generated by purposeful opening, which will improve the indoor environment. This flow is directly affected by the pressure of the outer surface of the building, the wind speed distribution, different opening positions, and the opening characteristics. Pressure on the surface of the building is divided into wind pressure and hot pressing. Hot pressing is mainly formed by the temperature difference between indoors and outdoors. Wind pressure is mainly the effect of the static pressure difference between indoors and outdoors, which is caused by the role of the outdoor air working on the external structure of the building [7] .
Natural Ventilation under the Hot Action.
When there exists a heat source in the building, the indoor air is heated, its density decreases, and the air floats upwards, which causes higher air pressure of the upper portion in the building construction than that of the outside. Thus, indoor air flows through the opening to the outside, while continuous inflow of air at the bottom of the building fills up the space let out by upper outflow of air at the same time. The continuous air flow forms the natural ventilation under the hot-pressing action. According to the height difference between positions and different orifices, hot ventilation can be divided into "hole" ventilation (see Figure 1 ) and the "holes" ventilation (see Figure 2 ) [8] .
The formula of the hot action is
where Δ is the thermal pressure of openings on both sides, Pa; is expansion coefficients of air, K −1 ; 0 is outdoor air density, Kg/m 3 ; is acceleration of gravity, m/s 2 ; is opening vertical height, m; is the average indoor air temperature, K; and is the average outdoor air temperature, K.
Thus, the role of natural ventilation under the hot effect depends on the vertical height of the opening of the building and the temperature difference between the inside and the outside of the building.
Natural Ventilation under the Wind Pressure.
When the outdoor air flows through the building, the phenomenon called "flowing around" will take place and air flow parallel motion can resume in the process of flowing around after a certain distance. Due to the blocking of the building, the distribution of air pressure around the building will change. Because of the obstruction of the airflow, the reduced dynamic pressure, and the increasing static pressure, a positive pressure area will form in the windward side of the building. Because of local vortex and reduced static pressure, negative pressure area will form on the top and the back of the building. Compared with undisturbed air flow far from the building, the change of the static pressure on the surface of a building is called pressure under the wind action [9] .
The wind pressure distribution around a building is related to the geometry of the building and the wind direction and speed outdoors. When the wind direction is constant Mathematical Problems in Engineering outdoors, the value of a pressure point of building envelope structure can be expressed as follows [10] :
where is the value of a pressure point on the building envelope structure, Pa; is aerodynamic coefficient; V is outdoor air flow rate, m/s; is outdoor air flow rate, kg/m 3 . The aerodynamic coefficient K of different shapes of buildings is different at different wind directions. When the K value is positive, the wind pressure value of the point is positive, and when the K value is negative, the wind pressure value of the point is negative. Under the action of wind pressure, the wind enters from the positive pressure side and gets out from the negative pressure side. Figure 3 represents the wind pressure distributions under different roof heights [11] . In any case, the wind pressure is negative near the surface of flat roofs and irrelevant to the wind direction, and its variation is very small. When the pitched roof 's slope is small, both the front and the back have negative pressure while, with the increase of slope, the front roof has positive pressure, and the back roof has negative pressure.
In the surface layer, outdoor wind speed of v has larger variation with height; the average wind speed with the height variation can be described by exponential function, and its expression is shown as follows:
where V is outdoor air velocity at the height of H, m/s; V 10 is outdoor wind speed at the standard height (10 m), m/s; is height of any point, m; is roughness coefficient of surface, in a built-up city center = 0.20, in offshore island and desert = 0.12, and in rural and suburban = 0.16.
Natural Ventilation under the Action of Wind Pressure and
Heat Pressure. In most cases, building natural ventilation is not caused by a factor, but by the factors of wind pressure and heat pressure together. Their functions are varying and their contributions to the whole building's natural ventilation are different. When the building is bearing heat and wind pressure at the same time, the internal and external pressure difference of each window hole is equal to the sum of the pressure difference of inside and outside window hole when the building bears the heat pressure and the wind pressure independently [12] . Effect of wind pressure and heat pressure on the natural ventilation in architecture is often inseparable, and the heat pressure of building is relatively stable and easy to implement, but the action of the wind is unstable and is often affected by the building's shape, the surrounding environment, and the impact of factors such as wind direction and wind speed. So, the joint effect of heat and wind pressure is more complex. And, so far, the principle of natural ventilation under the action of heat pressure and wind pressure is still under exploration.
Create and Simulate Working Conditions of the Model

Model Building.
This section will measure data as a boundary condition, the mathematical model to build indoor heating, and the use of CFD software for the indoor thermal environment and indoor air quality housing to simulate and analyze the effects of natural ventilation.
Mathematical Model
(1) Mathematical Model Building. Mathematical model of the problem is the mathematical description of the study.
According to thermal models, indoor gas meets the equation of the ideal gas state. Secondly, the pressure is usually treated as a constant flow of indoor air. Further, the common flow of indoor air flowing is substantially vulgar, with flow often at 10∼20 m/s or less, and, therefore, the indoor air can be treated as incompressible fluid [13] . Finally, the indoor air viscosity cannot be neglected; we must use the theory to study the dynamics of a viscous fluid. Further, the indoor air flow is usually a turbulent flow, with the corresponding need to simulate turbulence theory [14] .
(2) Simulation of the Flow Field Equations. In fluid mechanics, fluid flow follows three basic laws of conservation of mass, conservation of momentum, and conservation of energy. By the laws of conservation of these, the continuity equation, momentum, and energy equations can be obtained in mathematical research. These equations are expressed as a differential form of the continuity equation [15, 16] , also known as mass conservation equations, whose differential expression is
where is expressed as the density of the fluid and is expressed as the fluid component along the i direction.
Momentum equation is
Energy equation is
where is expressed as the volume of chemical reaction heat or other heat sources. Unifying the above formula, it can be expressed as
where is expressed as universal variables, which represents , V, , and other variables. Γ represents the diffusion coefficient. represents the source term. Where Γ and are specific for the corresponding. In the general formula, the above four items represent time, convection term, diffusion, and source terms. [17] .
-model is a semiempirical formula model; it is assumed to be a fully developed turbulent flow, and viscosity derived molecules can be ignored. K equation and equations are as follows: where, 1 , 2 are the empirical constants and they are 1.44, 1.92, respectively. is the turbulent dynamic coefficient. is the turbulent kinetic energy dissipation rate, the relationship between them is
Laminar turbulent kinetic energy is generated by the velocity gradient; the expression is
of buoyancy turbulent kinetic energy is generated; the expression is
for turbulent sticky factor, the expression is
(4) Meshing. CFD meshing software usually follows the following principles.
(a) A grid cell to another grid cell expansion coefficient ratio is generally maintained between 2 and 5; the critical areas should be smaller. (b) The preferred shape of the grid cell is a regular hexahedron or tetrahedron.
(c) A coarse mesh should be used in the place where temperature gradient and velocity gradient are small.
However, mesh refinement should be used in the place where temperature gradient and velocity gradient are very big.
Physical Model.
In this paper, the simulation object is located in a residential district in Shenyang city, and it is seven layers of ordinary residence; its total construction area is 1669.18 m 2 . Every floor has two households, and the height of each household is 3 m. The function layout of every room is the same with an apartment layout (see Figure 4) . In the simulations, we headed for the building of the south as the prototype of simulation, and the model simplified in the premise of indoor thermal characteristics is not missing, as shown in Figure 5 .
The Setting of the Simulation
Conditions. This paper has studied the impact of the wind angle (see Figure 6 ) on buildings' energy consumption. Wind angle is the angle between the normal outdoor environment wind and the normal direction of inlet plane (building surface). When the flow is perpendicular to the surface of the building, is 0 ∘ , and when the flow is parallel to the surface of buildings, is 90 ∘ . As provisions, the clockwise direction is positive and the counterclockwise direction is negative. The angles are shown in Figure 6 . During the simulation, the released heat of the indoor human body, lighting and equipment, and uptime of the air conditioner has been a unified set. In order to obtain comparable data in the simulation, we have chosen buildings mainly facing south. The change factor in the simulation model is the wind direction angle which, respectively, includes 0
∘ , 60 ∘ , and 75 ∘ .
(1) The Settings of the Indoor Disturbance. In the numerical simulation of the residential indoor thermal environment, the indoor heat productivity is usually replaced by three heat resources, the human body, equipment, and lighting [18] . The form of the three heat sources affecting the indoor environment is not the same. The moisture gain process is usually accompanied with the release of the latent heat, directly affecting the indoor air and improving the enthalpy of the indoor air. The released sensible heat of the human body, equipment, and lighting, on one hand, can be transmitted to the surrounding air in the form of convection. On the other hand, the heat can be transmitted to the indoor objects in the form of radiation and then the heat is transmitted from the object surface to the surrounding air by convection heat [19] . As all the residential building functions are basically the same and the indoor heat productivity is comparatively stable during the research process, the representative data of the heat inside the residential buildings can be obtained through the method of investigation.
Combining the building structure, the building layout, room function, family structure, and the number of people, a Tsinghua professor Yiwen [20] summarized four residential patterns, as shown in Table 1 . After statistically analyzing the indoor heat survey data under four residential patterns, we can get hourly variety of the human body, lighting, and equipment under different modes.
The third residential mode is used in this paper. Father, mother, and child are in the family. There are no more than 2 [21] . Changes of parameters are in Table 2 .
(2) Air Condition Parameters Settings. Air conditioners and heating devices would affect the indoor thermal environment conditions. When room temperature is higher (higher than body's tolerable temperature), people would turn on air conditioners to adjust the room temperature and humidity in summer. In other words, people would turn on air temperature is 16 ∘ C∼28 ∘ C [20] . Mechanical ventilation as an auxiliary is needed. So, the controlling temperature of indoor air conditioners is 26 ∘ C. Refrigeration is used in July and August. The tolerant temperature ceiling is 28 ∘ C (to determine whether to turn on air conditioners or not). Heating is used from December 1 to March 31. The controlling temperature of indoor heating is 18 ∘ C. The ventilators' rate is set from 0.5 times/h to 5 times/h.
Analysis of Effects of Natural Ventilation under Different Wind Angles
Laws of wind angles affecting natural ventilation are derived through the analysis of the effects of natural ventilation under different wind angles. And they would provide guidance on design of residential building orientation.
In the process of natural ventilation, the wind direction of outdoor environment will change complicatedly. To make better use of natural ventilation, when designing residential buildings, the paper keeps an appropriate wind direction angle of incidence between the local dominant wind direction in summer and the residential building. The dominant wind direction in summer in Shenyang is southwest. But the orientation of conventional residential design is almost south or north. South orientation is used as the standard in the process of simulation. [22] (an average sitting person's nose height from the ground) and average air age field are chosen to be objects of study.
(1) Wind Velocity Distribution under Different Wind Angles.
When outdoor air enters building through the opening in the surface, a velocity field will form in the interior. In the case of the same speed and direction of the outdoor wind and different outdoor wind angles, indoor velocity distribution differs. Figures 7, 8 The distribution of indoor velocity field under different wind angles shows that (a) when the outdoor air flows into the interior space, large or small vortex will form. Under the action of vortex, outdoor fresh air enters into the room, while the polluted air is exhausted to the outside along with the air flow; (b) air enters into the interior through the opening at the building's windward side and flows out of the window opening of the leeward side. Air flow is affected by diversion of the walls in the process of the interior flow. The direction of part of the air flow will change. The air flow rate is higher on the main path in the air circulation; (c) wind angle varies from 75 ∘ to 60 ∘ and then changes to a 45 ∘ angle. Change in the magnitude of the angle of each interval is not much, but the distribution of the indoor velocity field has changed a lot. With the decrease of the wind angle, indoor whirlpool forms clearly and spreads to most of the interior space. It is indicated from the phenomenon that, in the case of larger wind angle, small change in the angle will cause larger effects on distribution of the indoor flow field; (d) when the wind angle varies from 0 ∘ to 30 ∘ , indoor cross-ventilation can form obviously. Wind speed is larger in the rooms and there is no wide range of ventilation blind spot. When the wind angle is greater than 45 ∘ , indoor wind speed will decline rapidly. The range of indoor ventilation blind spot will increase gradually. It is disadvantageous to eliminate polluted indoor air by use of ventilation and the indoor ventilated effect is poorer.
(2) The Distribution of Age of Indoor Air under Different Wind
Angles. Figures 13, 14, 15, 16, 17, and 18 show the distribution of the average age of indoor air at 1.1 m height (an average sitting person's nose height from the ground) in the cases of different wind angles. Color in the picture transfers from the cool tone to the warm tone. The color represents the average age of indoor air. The cool tone means that the age value of air is small. That means it needs a shorter time to complete the replacement under the condition of natural ventilation and fresh air is better; on the contrary, the warm tone means that the age value of air is large, and it needs a longer time to complete the replacement under the condition of natural ventilation and the fresh air is poorer.
The distributions of indoor average air age of different wind angles are shown in Figures 13, 14, 15, 16, 17 , and 18, they show that (a) in the case of larger wind angle, the value of indoor average air is generally higher. With the decrease of the wind angle, the average age of indoor air in the same area will significantly reduce and the degree of fresh air will increase, which improves the indoor air quality. (b) Because there is no outside window in the small indoor toilet, effective air convection cannot form. Almost no wind flows into the room and the airflow velocity is small. Thus, the average age of air is relatively bigger here than that in the other rooms. The fresh air is bad, so we need to use auxiliary ventilation through the mechanical approach in this region. (c) Under the predominant wind direction in summer, the ventilation blind spot will form in the master bedroom and in some areas of the residential study room. With greater wind angles (except 0 ∘ ), the range of ventilation blind spot will be larger. By the comparison analysis of average age of indoor air under the different wind angles in Figure 19 , it can be seen that wind angle gets greater; the average age of indoor air will be bigger. When wind angle is 0 ∘ , the average age of indoor air will be the minimum and the fresh air will be the best. When the range of wind angle varies from 15 ∘ to 45 ∘ , the change of the average age of indoor air will not be much. It is basically stable within the range and the indoor air quality is relatively good.
In residential space, people mainly focus on the indoor environment of the bedroom, study, and living room (people stay there for a long time). People (male or female) mainly stay in these residential rooms, so whether indoor environment in these rooms is good or bad is directly related to the indoor personnel health. When we consider the indoor wind speed and the distributions of the air age in the case of different wind angles, it can be concluded that the indoor ventilation effect is better when the wind angle varies from 0 ∘ to 45 ∘ .
Residential Building Energy Simulation Analysis Performed under Different Wind Angles throughout the Year
According to the predefined lifestyle and air conditioning operation mode, we use EQUEST software to perform residential building energy simulation analysis under different wind angles throughout the year. Figures 20, 21, 22, 23, 24 , and 25 show the annual energy consumption values of the residence under different conditions. During the period of residence in the running, energy is supplied by electricity and gas. In order to facilitate uniform comparison, the results are converted into a unified dimension KJ; the specific conversion method is 1 KWh = 3600 KJ, 1 Btu = 1.06 KJ. Figure 20 shows the residential energy consumption distribution when the wind angle is 0 ∘ . Obviously, comprehensive energy consumption of the residence includes the energy consumption of lighting, household appliances, air conditioning, and heating. When the wind angle is 0 ∘ , residential power consumption throughout the whole year is 27000 KWh (i.e., 97.2 GJ); the gas consumption for heating is 5.19 × 10
8 Btu (i.e., 571 GJ). Comparing energy consumption of each month, they show that (1) consumption in winter and summer is higher than that in transition seasons, and energy consumption in the hottest month of July and the coldest month of January is higher than that in other months within the same seasons, respectively. (2) In individual energy consumption, power consumption of devices and energy consumption of residential interior lighting are almost the same each month. (3) In the process of annual energy consumption simulation, the energy consumption of residential heating mainly occurs during the period from December to February and rarely in November and March. During the period from November to January, it increases with the decrease of outdoor temperature. During the period from February to March, it reduces along with the rise of outdoor Figures 26 and 27 show the comparison of the residential energy consumption of each month under different wind angles. The changes in building orientation mainly affect building heating and energy consumption of air conditioning and have almost no effect on energy consumption in transition seasons. Because the building orientation affects both the solar radiation's heat gain and the infiltration's heat loss, the heat gained from solar radiation in summer will increase the cooling energy consumption of air conditioning, but in winter it will reduce the energy consumption of heating. Figure 28 shows the effect of the wind direction angle on comprehensive energy consumption of buildings throughout the year. It can be seen that when the building rotates in the positive direction, the comprehensive energy consumption of the building throughout the year presents a parabolic trend. When the wind direction angle is 15 ∘ , the comprehensive energy consumption of building is the minimum, 652.3 GJ. As the wind direction angle increases gradually, the yearly comprehensive energy consumption of the building increases gradually. This shows that the appropriate orientation of building should be south or 15 ∘ south by west. Being affected by the changing rule of the solar altitude angle and the azimuth angle, the building facing south or near south can make full use of solar energy, and the solar radiant heat is large, so the heating energy consumption can be reduced accordingly. While the dominant wind direction of Shenyang is north or northeast, the building facing south or near south can avoid the dominant wind direction in winter and reduce the amount of cold air penetrating. As a result, the heat loss of residential rooms reduces. In summer, the architectural sunshine area is small when the building is facing south or near south. So, the solar radiant heat is relatively low. As a result, the yearly comprehensive energy consumption of the building is less when the building is facing south or near south.
Conclusion
(1) This paper analyzes the influence of wind direction angle for residential indoor natural ventilation on the typical model of a residential district in Shenyang through CFD numerical simulation. According to the study of indoor air velocity and air age distribution on different wind direction angles, when the wind direction angle ranges from 0 ∘ to 45 ∘ , crossventilation will be formed. The wind velocity is large in the room, so the room does not have a wide area of ventilation dead corner basically and the average value of indoor air age is short, which means better freshness of the air. When the wind direction angle is larger than 45 ∘ , indoor wind velocity drops rapidly. The ventilation dead corner increases gradually; this is not beneficial for eliminating indoor polluted air by natural ventilation. Therefore, when the wind direction angle is from 0 ∘ to 45 ∘ , the effect of the indoor natural ventilation is better. (2) This paper has studied the energy consumption of the residence with different wind direction angles through EQUEST software. The conclusions are as follows.
(a) In the simulation process of yearly energy consumption, the energy consumption of residential heating in Shenyang is mainly concentrated from December to February, rarely in November and March; during the period from November to January, the energy consumption increases with the decreasing outdoor temperature. The energy consumption of air conditioning is mainly concentrated in July and August and rises as the outdoor temperature decreases.
(b) Changes in the building orientation mainly influence residential heating and energy consumption of air conditioning and have almost no effect on the energy consumption of transition season.
(c) When the wind direction angle of buildings is from 0 ∘ to 45 ∘ , the comprehensive energy consumption of buildings is relatively stable, which is a relatively favorable building orientation. Among all the angles, when the wind direction angle is 15 ∘ , the comprehensive energy consumption of building is the lowest. So, in terms of energy saving, the orientation should be the best solution in architectural design in Shenyang.
